The electrochemical properties of a mechanochemically synthesized Li 22 Sn 5 electrode in a solvate ionic liquid-based electrolyte were investigated. The electrolyte was composed of lithium bis(trifluoromethanesulfonyl)amide (Li[TFSA]), tetraglyme (G4), and a hydrofluoroether solvent (HFE) in a molar ratio of 1:1:6.2, in which Li + and G4 formed a 1:1 complex cation of [Li(G4)] + . The Li 22 Sn 5 electrode exhibited an initial discharge capacity of 500 mA h g −1 in this electrolyte; however, the capacity decreased with increased numbers of charge-discharge cycles. This was attributed to the Li-Sn alloy's volume change in the electrode during the electrochemical reaction. To examine the behavior of the electrode material in a lithium-sulfur battery, a full cell consisting of a Li 22 Sn 5 anode, S cathode, and [Li(G4)][TFSA]/HFE electrolyte was fabricated. The cell was discharged and charged stably without severe side reactions. The dissolution of lithium polysulfides, reaction intermediates with the sulfur cathode, was effectively suppressed in the electrolyte, leading to efficient charge-discharge cycling of the Li 22 Sn 5 -S cell.
Introduction
Solvate ionic liquids consist of solvents and metal salts 1,2 which, together, form ionic complexes (i.e., solvates) with low melting temperatures. As an example, oligoethers with a structure of CH 3 -O-(CH 2 -CH 2 -O) n -CH 3 , referred to as glymes, can form solvates with Li salts when mixed in certain molar ratios. [3] [4] [5] Some of these solvates possess melting points near typical room temperatures. 6 Our group previously reported the formation of solvates in a 1:1 molar ratio of triglyme or tetraglyme and lithium bis(trifluoromethanesulfonyl)amide (Li [TFSA] ); the solvates maintained their liquid state at room temperature. [7] [8] [9] [10] This molten solvate can be regarded as a solvate ionic liquid (IL), composed of the [Li(glyme)]
+ complex cation and [TFSA] ¹ anion. 6, 10 The molten [Li(glyme)][TFSA] showed properties similar to those of conventional ionic liquids (ILs), such as non-flammability, negligible vapor pressure at temperatures below 100°C, relatively high ionic conductivity, and a wide electrochemical window. These properties make [Li(glyme)][TFSA] a promising candidate as an electrolyte for Li batteries. We previously demonstrated the successful use of [Li(glyme)][TFSA] as an electrolyte in Li-S batteries. 11, 12 The solubility of lithium polysulfides (Li 2 S x , 2¯x¯8), which form as intermediate products during discharge reactions in Li-S cells, is very low in the [Li(glyme)][TFSA] electrolyte. Typically, dissolved lithium polysulfides cause side reactions in a Li-S cell, in which Li 2 S x acts as a redox shuttle between the positive and negative electrodes. This results in a low Coulombic efficiency for the discharge/charge cycling of the cell. 13 The suppressed solubility of Li 2 S x in the [Li(glyme)][TFSA] electrolyte leads to a highly efficient charge/discharge cycle in a Li-S battery using this solvate ionic liquid as the electrolyte. 12 In the present study, we explored the electrochemical properties of a Li-Sn alloy electrode in a solvate IL-based electrolyte. Li metal is an attractive anode material because of its high theoretical capacity of 3861 mA h g ¹1 . 14, 15 However, serious concerns surround the use of Li metal anodes in practical Li batteries. The repeated charge and discharge of a Li-metal battery frequently deposits dendritic Li on the surface of the anode. 16, 17 This leads to internal short-circuiting of the cell, which introduces serious problems for the safe use of Li batteries. Therefore, the development of anode materials enabling the stable operation of batteries is crucial. Here, we prepared a Li-Sn alloy using a mechanochemical method. Sn can electrochemically form an alloy with Li in non-aqueous electrolytes, which has been investigated for use as an anode material in Li batteries. [18] [19] [20] [21] [22] The reversible alloying reaction of the Sn electrode prevents the dendritic deposition of Li metal. However, a system of a pristine Sn anode and S cathode is Li-deficient. This study demonstrates the preparation of the Li 22 Sn 5 alloy with a theoretical capacity of 790 mA h g ¹1 and the construction of a Li 22 Sn 5 -S cell using a solvate IL-based electrolyte.
Experimental
Li 22 Sn 5 was synthesized by a mechanochemical method using a planetary ball milling apparatus (FRISCH Premium line P-7) with a stainless steel pot (45 mL in volume). 19, 20 Li metal foil and Sn powder were purchased from Honjo Metal and Aldrich, respectively. The Li metal foil (0.617 g) was cut into small pieces and put into the pot with 10 stainless steel balls (diameter: 10 mm), and the Sn powder (2.398 g) was added to create a molar ratio of 22:5 Li:Sn. The mixture was ball-milled for 5 h at a fixed base-disk rotation speed of 510 rpm. The prepared Li 22 Sn 5 was mixed with C in the form of acetylene black (AB, Denki Kagaku Kogyo) at a weight ratio of 8:2 using the planetary ball milling apparatus for 5 h at 230 rpm. All steps of the Li 22 Sn 5 synthesis and mixing with AB were performed in a dry Ar-filled glove box. The synthesized Li 22 Sn 5 was characterized using X-ray diffraction (XRD, Ultima IV, Rigaku) with CuKA radiation at a wavelength of 1.5418 ¡. During the XRD measurement, the Li 22 Sn 5 was sealed in an airtight chamber with a Be window to avoid unwanted reactions with moisture and air. The Li 22 Sn 5 was further examined using a scanning electron microscope (SEM, S-2600N, Hitachi High-Technologies). The Li 22 Sn 5 sample was mounted on a sample holder using conducting carbon paste and then placed in an airtight glass bottle to avoid reaction with moisture and air. These procedures were conducted in a dry Ar-filled glove box. The transfer of the sample from the glove box to the introduction chamber of SEM, which was filled with pure Ar gas, was performed within a few minutes. Porous Ni (Ni foam, Celmet#8, Sumitomo Electric) was used as the current collector for the Li 22 Sn 5 /AB composite electrode. Li 22 Sn 5 /AB was impregnated into the pores of the Ni foam, which was then compressed at 300 MPa using a hydraulic press. This compressed impregnated foam was subjected to electrochemical measurements.
The S-based composite cathode consisted of elemental S (S 8 , 99.99%, Wako), C in the form of Ketjenblack (KB, EC600JD, Lion Corporation), and poly(vinyl alcohol) (PVA, saponification degree 86-90 mol%, average degree of polymerization 3100-3900, Wako) with a weight ratio of 6:3:1. KB and S 8 were thoroughly mixed using an agitating mortar and then heated to 155°C for 6 h in a sealed bottle to form a S 8 /KB composite. The S 8 /KB composite was crushed into a fine powder using the agitating mortar. The S 8 /KB composite powder and PVA were thoroughly dispersed in N-methylpyrrolidone (NMP) to form an ink, which was then spread on an Al foil using a bar-coater. After the solvent was evaporated, the ink was compressed at a pressure of 10 MPa.
The solvate IL was prepared by mixing lithium bis(trifluoromethanesulfonyl)amide (Li[TFSA], Rhodia) with tetraglyme (G4, with a chemical structure of Electrochemical measurements were performed for the Li 22 Sn 5 / AB and S 8 /KB composite electrodes using 2032-type coin cells. A glass filter (GA-55, Advantec) was used to separate the positive and negative electrodes. Cell assembly was performed in an Ar-filled glove box. Galvanostatic discharge-charge tests were performed using an automatic charge/discharge instrument (HJ1001SD8, Hokuto Denko) at 30°C. Since the Li 22 Sn 5 /AB and S 8 /KB composite electrodes were both initially in fully charged states, the discharge-charge cycle is defined as follows: first discharge ¼ second charge ¼ second discharge ¼ third charge ¼ third discharge and so forth. The Coulombic efficiency was defined as the ratio of the Nth discharge capacity to the Nth charge capacity. Figure 1 shows the XRD pattern of the prepared Li 22 Sn 5 . The measured pattern agrees well with that previously reported. 20, 21 The Li and Sn clearly are alloyed, indicating a successful synthesis of Li 22 Sn 5 by the mechanical alloying method. Figure 2 shows a SEM image of the synthesized Li 22 Sn 5 powder. The particle size distribution of Li 22 Sn 5 was relatively wide, ranging from 1 to 10 µm. Figure 3 shows the discharge-charge curves of the Li 22 Sn 5 /AB composite electrode, in which a Li metal foil was used as the counter electrode. For the Li 22 Sn 5 /AB composite electrode, the de-lithiation process was defined as a discharge cycle. The Li 22 Sn 5 /AB composite electrode shows a specific discharge capacity of 500 mA h g . 22 We speculate that the Li 22 Sn 5 in the composite electrode was electrically isolated, leading to its low utilization. This was likely due to insufficient penetration of the electrolyte into the porous composite electrode. In the subsequent charging process in the potential range of 0.8-0.001 V, the electrode shows a capacity of 550 mA h g ¹1 , slightly exceeding the first discharge capacity. The comparable discharge and charge capacities suggest that the electrochemical delithiation of Li 22 Sn 5 and lithiation of Sn proceeds in a reversible manner. However, the slightly larger capacity of charging compared to discharging suggests that certain irreversible processes do occur. In subsequent cycles, the Coulombic efficiency of discharge/charge is maintained at approximately 90%, as shown in Fig. 3b . The charge and discharge capacities decrease with increased cycle numbers. After 50 cycles, the Li 22 Sn 5 /AB composite electrode retains only 40% of its initial discharge capacity. Two factors may contribute to the low Coulombic efficiency and poor cycle stability of the Li 22 Electrochemistry, 83(10), 914-917 (2015) exceeding 98% for more than 50 cycles. 12 This suggests that severe decomposition of the electrolyte does not occur in the cell in the current study. Thus, the volume change of the Li-Sn alloy in the composite electrode during the repeated charge and discharge cycles is regarded to be the major factor responsible for the degradation of the Li 22 Sn 5 /AB composite electrode. Through the electrochemical lithiation of Sn (5Sn ¼ Li 22 Sn 5 ) in the composite electrode during charging, a volume change of the active material exceeding 250% occurs in the composite electrode. 22 This volume change potentially causes particles of active material to fracture into smaller particles. In addition, the repeated volume change of the active material during the charge-discharge cycles may loosen the electrical contact between the active material and the current collector. The electrically isolated active material cannot contribute to the electrochemical reaction, and thus the capacity of the Li 22 Sn 5 /AB electrode gradually decreases.
Results and Discussion
Using Li 22 Sn 5 /AB and S 8 /KB as negative and positive electrodes, respectively, a full cell was constructed. Figure 4 shows the discharge-charge curves of the [Li 22 Sn 5 /AB«[Li(G4)][TFSA]/ HFE«S 8 /KB] cell. As shown in Fig. 4 , the cell possesses an initial discharge capacity of 830 mA h g ¹1 based on the mass of S and operates reversibly. During the discharging of the cell, the reduction reaction of S 8 proceeds at the positive electrode to produce Li 2 S (S 8 + 16Li + + 16e ¹ ¼ 8Li 2 S). 15 The reverse reaction takes place in the cell during charging. Although the discharge capacity is smaller than the theoretical capacity of S (1672 mA h g . 12 The main difference between the Li-S and Li 22 Sn 5 -S cells is in their operating voltages. The Li-S cell showed a large voltage plateau at 2.1 V during discharge, while the Li 22 Sn 5 -S cell displays voltage plateau at approximately 1.7 V, as observed in Fig. 4 . This is because of the operating potential approaching 0.4 V vs. Li/Li + of the Li 22 Sn 5 /AB electrode, as shown in Fig. 3 . The Coulombic efficiency of the full cell exceeds 96%, suggesting that severe side reactions do not occur in the cell during charge and discharge cycling. We previously reported that the dissolution of Li 2 S x (2¯x¯8) reaction intermediates of the S cathode, was effectively suppressed in a [Li(G4)][TFSA]/HFE electrolyte. 12 This decreased solubility inhibits side reactions in the cell such as the redox shuttle mechanism, and thus increases the efficiency of the Li 22 Sn 5 -S cell.
The charge and discharge capacities of Li 22 Sn 5 -S cell decrease gradually with increasing cycle number (Fig. 4b) . This capacity fade is attributed to the degradation of the S 8 /KB cathode, because the absolute capacity of the Li 22 Sn 5 /AB anode exceeded that of the S 8 /KB cathode. The projected electrode areas of both the anode and cathode were 2 cm Electrochemistry, 83(10), 914-917 (2015) 50 cycle was expected to be at least 2.26 mA h, which was still higher than the theoretical capacity of S cathode 2.02 mA h (1.212 mg) in the cell. For this reason, the degradation of the Li 22 Sn 5 /AB negative electrode could be neglected. The capacity fade of the cell was assumed to be caused by the volume change of the active material in the composite cathode. During the discharge reaction, the volume of the active material increased by 80% owing to the conversion reactions from S 8 to 8Li 2 S. This expansion and shrinkage of the active material could cause the conduction path within the electrode to disintegrate, resulting in decreased utilization of the active material. 
Conclusions

